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One of the intriguing properties of the AV conduction is the so-called dual-pathway AVN electrophysiology (31) . This term is used in reference to two different wave fronts that propagate in tandem from the atria to the His bundle (1, 29, 31) : one with a shorter effective refractory period (ERP), and another with a longer ERP (i.e., slow and fast pathways, respectively, from now SP and FP). Although this phenomenon was described during the 1950s by Moe and collaborators (30, 31) , the role that fast and slow wave fronts play in the conduction from the atria to the His bundle still remains debatable. In fact, the evaluation of their individual impact on the AVN conduction was ambiguous, since the pathway responsible for the conduction of a particular beat could not be identified. Recently, Zhang et al. (41) (42) (43) have introduced the His electrogram alternance (16, 18, (41) (42) (43) , a recording technique that allows the identification of the dominant pathway and, consequently, the evaluation of the role of each pathway during AVN conduction.
By analyzing different stimulation protocols, along with the His electrogram alternance, we have developed and tested a functional mathematical model of the AVN that includes dualpathway physiology. In this paper, the model has been detailed and used to explain some of unclear phenomena related to AVN conduction. Specifically, the model has been used to illustrate the role of dual AVN pathway wave fronts and their interaction in the generation of paradigmatic Wenckebach periodicities (10, 25, 33) . In addition, the model was used to predict the filtering behavior during irregular atrial rhythms, such as AF. Moreover, AVN modifications [i.e., destructive impairment of conduction by ablation of one of the pathways (11, 38) ] have been modeled and evaluated.
METHODS

In Vitro Experiments
Experiments were performed on five New Zealand White rabbits (Harlan, Indianapolis, IN). Atrial-AVN preparations were instrumented as described previously (42) . Briefly, after anesthesia with pentobarbital sodium (50 mg/kg), the heart was removed, placed in a glass chamber, and superfused with modified oxygenated Tyrode's solution at 36°C, a pH of 7.3-7.4, and a flow rate of 35 ml/min. After trimming, the final preparation contained the triangle of Koch and the surrounding right atrial and ventricular tissues (42) .
Bipolar leads (0.2-mm spacing) were custom made from 125-m Ag-AgCl Telfon-isolated wire and used to record atrial electrograms at the crista terminalis and interatrial septum, as well as for atrial pacing. Roving bipolar electrodes were used to record inferior His electrograms as reported previously (12) . All electrodes were positioned with micromanipulators (WPI, M330). An eight-channel programmable stimulator (AMPI, Master-8) was used for pacing. The recorded signals were amplified and filtered at 50 -3,000 Hz (Axon Instruments, CyberAmp 380), saved on tape (Vetter Digital, 4000A), and later digitized by AxoScope (Axon Instruments) at 5 kHz per channel.
This study was approved by the Institutional Animal Research Committee and is in compliance with the "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health (publication no. 85-23, revised 1996).
Experimental Pacing Protocols
The time for a given (test) atrial impulse to transverse the node and reach the His bundle (AVN conduction time) is primarily dependent on the so-called atrial coupling interval. This is the time interval between the test atrial beat and the beat immediately preceding it. Thus, as this coupling interval shortens, the AV conduction time of the test atrial beat prolongs. However, this fundamental property is further modified by the impact of pre-preceding atrial beats (so-called conduction history).
In view of such complexity of the conduction properties of the AVN, standardized atrial pacing protocols have been developed and widely used in both experimental and clinical studies of the AVN. One of the most frequently used is the so-called A 1A2A3 stimulation protocol (Fig. 1) . It requires the atrium (A) to be paced at a constant base rate for 10 beats with a fixed coupling interval A1-A1 to establish a "steady-state" status. After the last beat A1, a "conditioning" atrial stimulus A2 is introduced (coupling interval A1-A2), followed finally by the test-stimulus A3 (coupling interval A2-A3).
The atrial electrograms resulting from this pacing protocol are recorded simultaneously with the bundle of His (H) electrograms, and the AVN conduction time of each atrial beat is determined as A xHx, where x ϭ 1, 2, or 3. The most important variable in this procedure is the test conduction time A3H3, which is plotted against the corresponding atrial coupling intervals A2A3.
The programmed pacing protocol consisted of construction of four conduction curves A3H3 ϭ f (A2A3) per experiment, each corresponding to one of the four conditioning intervals A1A2 (used as constant parameters). The A1A2 intervals were 300, 200, 150, and 125 ms. Thus the pacing paradigm consisted of perpetual (daisy-linked) cycles. Each cycle started with 20 A 1A1 beats (A1A1 ϭ 300 ms), followed by the A1A2 beat, followed by the A2A3 interval (starting at A2A3 ϭ 300 ms). The next cycle continued with the same 20 A1A1 and A1A2 beats, but A2A3 was shortened to 295 ms. In this fashion, an entire conduction curve was generated until A2A3 reached the ERP and AV block ensued. The next conduction curve was generated in similar manner for A1A2 ϭ 200 ms, and so on.
While simpler pacing protocols (for example, without the "conditioning" stimulus A 2) have been used for brevity, especially in clinical studies, they do not permit proper evaluation of the impact of conduction of earlier atrial beats on the "test" beat. In addition to the programmed A 1-A2-A3 pacing protocol used to construct AVN conduction curves, we have employed fast regular atrial pacing with A-A coupling intervals from 200 to 100 ms (300 -600 beats/min). This protocol permitted evaluation of Wenckebach periodicity, a conduction pattern where AVN conduction time progressively increases from beat to beat until block occurs (28) . Finally, atrial pacing at fast but random rates was used to mimic AVN conduction during AF (12).
The above-described procedure for generating the conduction curves was completed in 15-20 min. The subsequent experimentation (e.g., rapid atrial pacing to induce Wenckebach periodicity or AF, surgical ablations described later, etc.) was completed in Ͻ2 h. At the end, a basic conduction curve was constructed (with A 1A2 ϭ 300 ms) and compared with the initial one to ensure no deterioration of the preparation (e.g., mean conduction time variation 6.7 Ϯ 2.1 ms).
Differentiation Between Conduction via "Slow" and "Fast" AV Node Pathways
The phenomenon of His electrogram alternans has been previously described and validated as a reliable index of dual-pathway electrophysiology (16, 18, (41) (42) (43) . Specifically, a characteristic sudden change in the signal amplitude occurs when conduction "switches" from "fast" to "slow" pathway. When bipolar recordings are made from the inferior His bundle domain, the FP is associated with low-His amplitudes, and pronounced amplitude increase heralds the transition to SP conduction. The change in amplitudes is typically severalfold and can easily be detected when applying either programmed pacing protocols with variable atrial prematurities, or during fast atrial rates, including AF. We have used the His-electrogram alternans to assign each conducted beat observed in the rabbit heart experiments to the corresponding AVN pathway during programmed pacing, fast atrial rates, or AF.
Mathematical Model of an AV Nodal Pathway
The mathematical model developed in this study is based on the rabbit experiments utilizing the above-described pacing protocol. The model described below was used for description of either the FP or the SP, with constants specific for each of them.
Typically, the conduction curve of the intact AVN had been fitted to an exponential function (4, 14, 15, 22, 24, 35, 37) . The following expression represents the test conduction time A 3H3 as a function of the test atrial coupling interval A2A3 and the preceding conduction time A2H2:
where AH min is the minimum observed time for an AA to reach the His bundle, observed at very slow atrial rates; rec is AVN recovery period, which is related to the ERP of the nodal cells; and ␤ is a modulating factor. The recovery period rec is not set to a constant value, since the ERP of nodal cells depends on the activation rate (39) . The recovery period was modeled by the following expression:
where ␥ 1, ␥2, and ␥3 are constants whose values are different for each pathway. Finally, the modulating factor ␤ was modeled as follows:
where 1, 2, and 3 are constants that depend on the pathway. Although previous studies have proposed a formulation of the ␤ modulation factor as dependent only on the base rate A 1A2 (37) , the formulation proposed in our model fitted better to the experimental data, in part because conduction history (including both A 1A1 and A1A2 coupling intervals) is directly reflected in conduction time A2H2.
Incorporation in the Model of "Concealed" Conduction
Equations 1-3 are used as a first estimate of the conduction time for an atrial stimulus through a single AVN pathway. However, if the estimated conduction time is longer than a physiological maximum conduction time (AH max), then the pathway is considered blocked. The parameter AHmax was specific for each pathway and was derived from the experimental data during fast atrial rates as the longest AV conduction time associated with either the FP or the SP.
When an atrial stimulus fails to be conducted, it is marked A 2 * (Fig.  1B) . Its effect on the test beat A 3 depends on the degree of penetration (concealment) of the A 2 * beat into the pathway. Specifically, if the propagation wave front initiated by A 2 * is blocked near the atrial (proximal) side of the pathway, its effect on the subsequent conduction time A3-H3 is lesser than if A 2 * had been blocked distally (closer to the bundle of His). This postulate reflects an important AVN physiological property during "concealed" conduction: a proximal A 2 * block, at the same value of A 2 * A 3 , permits longer diastolic pause and thus fuller recovery for all distal cells, which leads to relatively better (faster) conduction A3H3 compared with the case of a deeper A 2 * penetration (or ultimately a full A2H2 conduction).
In the model, the degree of A 2 * penetration is computed by using Eqs. 1-3, where the activation time A 2H2 is replaced by a "virtual" conduction time A 2 * H 2 :
where c1, c2, and c3 are constants, and A 1 A 2 * is the coupling interval for the blocked beat A 2 * (Fig. 1B) . The term "virtual" indicates that, in fact, there is no H2 electrogram, since A 2 * is a blocked beat. However, as it follows from Eq. 4, a longer A 1 A 2 * coupling interval (associated with deeper penetration) results in larger A 2 * H 2 value, which, in turn (see Eq. 1), leads to longer test conduction time A 3H3.
Description of the Dual-pathway Structure
For each rabbit, both FP and SP AVN conduction were modeled using Eqs. 1-4, with constants fitted for each pathway. In this manner, two different A 3H3 conduction time functions were computed: A1A3 FP and A1A3 SP . As illustrated in Fig. 2 , for modeling purposes, we used a simple Y-shaped structure to represent the SP and FP, starting at the atrium and converging into a "final common pathway" that reaches the bundle of His. Such schematic presentation, while admittedly simplistic, is very close to the original description of the rabbit dual-pathway physiology (30, 31) and permits an easy differentiation: the model "decides" which is the dominant pathway by determining the shorter of the two conduction times A 1A3 FP and A1A3 SP for a specific atrial beat. Depending on atrial coupling intervals sequence A1-A2-A3, the leading wave front can be the FP (Fig. 1, A and D) , or the SP (Fig. 1, B and C) . In the real rabbit experiments, the presence of FP or SP conduction is confirmed by the His electrogram alternans (Fig. 2 ): His electrograms with high amplitudes indicate SP conduction, whereas low-His amplitudes are associated with FP conduction.
As evident from the Y-structure (Fig. 2) , the leading wave front could retrogradely invade the pathway with the longer calculated A 3H3 (Fig. 2, A and B) , thus colliding with and annihilating the later wave front. A wave front can also be blocked in either pathway at an atrial coupling interval encroaching on the pathway's effective refractoriness (Fig. 2, D and E) .
After a complete block of the AVN, the conduction pattern in the subsequent beat would depend on the degree of penetration of each wave front in the corresponding pathway, as modeled by Eq. 4. Accordingly, each of the scenarios shown in Fig. 2 may be possible for the beat following an AVN block.
Calculation of Model's Constants
Constants of the model were determined for each of the dual pathways by using the experimental AVN conduction curves, as well as the data obtained with regular atrial pacing. All experimentally observed conduction times were considered in tandem with the His electrogram of the corresponding beat to delineate conduction via the FP or SP based on His alternans (Fig. 3) . Thus, AH min was defined as Fig. 2 . Illustration of different conduction interaction scenarios between fast (FP) and slow pathway (SP) propagations in a simplified Y-shaped atrial-AV node (AVN)-His structure. Solid arrows indicate FP, whereas shaded arrows indicate SP wave front. In A, typically at long atrial coupling intervals, FP wave front activates the His bundle, and a retrograde wavelet meets and blocks the later SP wave front. Similarly, in B, typically at short atrial prematurities, SP conduction reaches the His bundle, and a retrograde wavelet blocks the later FP. In C, the FP wave front is stopped upon encountering refractory tissue, whereas the SP wave front reaches the His bundle. In D, a similar situation is depicted for the SP wave front. In E, both FP and SP wave fronts are blocked due to refractoriness at atrial prematurity, defined as AVN effective refractory period. AVN conduction time observed during steady-state atrial pacing at 300 ms (i.e., 200 beats/min, which is close to the rabbit sinus rate) without any prematurities. AHmax of the FP and SP was defined as the maximum AVN time measured during rapid atrial rate stimulation protocol and associated with low-and high-His amplitudes, respectively. Similarly, the parameters ␤ and rec were estimated for each pathway by using the corresponding portions of the experimental conduction curve activations with either low-or high-His electrogram. Since a family of conduction curves was generated with different conditioning cycle length A 1A2, a large-scale curve-fitting algorithm based on the interior-reflective Newton method (5, 6) 
Protocols with fast regular atrial pacing rate that lead to AV blocks, but at the same time resulted in exclusive, either FP or SP, propagation, were used to estimate constants in Eq. 4, which models the concealed conduction. For each experimental case, the A 3H3 conduction time measured for the beat following a blocked stimulus was used to estimate the "virtual" conduction time A 2 * H 2 that would have resulted in the measured A3H3, according to Eq. 1. The calculated A 2 * H 2 values were then used to fit the constants c 1, c2, and c3 (Eq. 4) by least squares fitting. This procedure was applied separately for each pathway.
Validation of the Model
To determine the fitting quality of the model, the protocols used during the rabbit experiments were reproduced in the model. Rootmean-squared error was measured to estimate the difference between experimental and modeled conduction curves. This test showed, in effect, how well the equations and the calculated model constants reflect the experimental database.
To validate the functional performance of the model, we executed two additional tests independently in the animal preparations and in the AVN model. First, atrial pacing was used that, within a range of AA intervals, produced Wenckebach periodicity in the animal experiments, with conduction pattern indicating FP and SP conduction alternations. The same protocol was then applied to the model. Second, a sequence of 200 irregularly distributed atrial AA intervals was used for pacing that mimics AF. In both cases, we established the goodness of the model to predict the AVN pathway used for each atrial beat, as well as the value of the experimentally measured conduction times.
RESULTS
Conduction Curve Fitting and Model Equation Constants
In all rabbits, depending on atrial coupling intervals, two distinct (low and high) amplitudes were detected in the inferior His electrogram recordings, identifying the FP and SP conduction, respectively (Fig. 3, right) . Therefore, both pathways could be modeled in each experiment. Constants of the model were calculated for each rabbit heart and are summarized in Table 1 . As expected, AH min and AH max of the FP were always shorter than the AH min and AH max of the SP, respectively.
As seen in Fig. 3 from one rabbit heart, the model-derived conduction curves (left, solid lines) closely approximated the experimentally observed data points. The model-generated curves based on data for the FP (corresponding to low-His amplitudes) are shown in black, and those for the SP (corresponding to high-His) are in gray. Each pathway was modeled as an exponential curve, and the transition from FP to SP conduction is clearly indicated upon superposition (right) by the crossover of the two curves at some critical prematurity A 2 A 3 (arrow). For longer A 2 A 3 , the FP was "predominant", since its conduction times were shorter. In contrast, for shorter A 2 A 3 , the shorter SP conduction times determined its predominance. In humans, the transition between FP and SP conduction is frequently (although not always) associated with a characteristic interruption ("jump") in the conduction curve (9, 34) . In the rabbit heart, the conduction curves are rather smooth, although the transition between the dual pathways could still be visually detected (Fig. 3, right) .
We have model-generated FP and SP curves for each rabbit heart using identical pacing protocols with the real animal experiments. Typically, four pairs of conduction curves (corresponding to the conditioning A 1 A 2 prematurities) were generated for each heart (Fig. 3, left) and then superimposed to obtain the conduction curve of the "intact" AVN (one such superposition for A 1 A 2 ϭ 150 ms is illustrated in Fig. 3, right) . For all studied rabbit hearts, the root-mean-squared error of the FP and SP conduction times were 7 Ϯ 4 and 3 Ϯ 3 ms, respectively. The A 2 A 3 interval at which conduction changed from FP to SP (Fig. 3, right, arrow) All constants were determined by using the experimental pacing protocols and data (see text for more details). FP, fast pathway; SP, slow pathway; AHmin, minimum observed time for an atrial activation (A) to reach the His (H) bundle; AHmax, maximum observed time for an atrial activation (A) to reach the His (H) bundle; 1, 2, 3, ␥1, ␥2, ␥3; c1, c2, and c3: constants.
Validation of the Model in Predicting Wenckebach Periodicity: Comparison with Rabbit AV Node
In Fig. 4A , an example of regular atrial pacing at 160 ms that generates Wenckebach periodicity and irregular HH interval series for rabbit 1 is illustrated. In this case, a 5:4 Wenckebach behavior is present (i.e., four out of five AA are conducted, and one is blocked). The AVN conduction times within the Wenckebach cycle progressively increased (110, 132, 143, and 153 ms) until the occurrence of block. Importantly, as indicated by the amplitudes of the recorded His electrograms, the first atrial stimulus after AV block was conducted via the FP (low His), whereas the second, third, and fourth atrial stimulus were conducted via the SP wave front (high His). By applying the same atrial pacing series to the model, both the utilized pathway and the correct AVN times were faithfully reproduced (Fig. 4A , bottom trace indicates FP and SP conducted beats by short and longer bars, respectively).
An average of 17 Ϯ 3 Wenckebach recordings were obtained in each rabbit experiment with a constant-rate atrial pacing with atrial coupling intervals between 158 Ϯ 22 and 134 Ϯ 19 ms. In each experiment, in at least three Wenckebach series (average 5 Ϯ 2), there was evidence for conduction alternating between the FP and SP. When the same AA interval series was applied to the model of each corresponding rabbit AVN, the correct AVN pathway used in a particular beat of the Wenckebach series was predicted 100% of the time, and the root-mean-square errors of the calculated conduction times via the FP and SP were 9 Ϯ 5 and 14 Ϯ 9 ms, respectively.
Validation of the Model in AF: Comparison with Rabbit AV Node
In Fig. 4B , the participation of AVN dual pathways during an episode of AF-like random atrial stimulation is illustrated (rabbit 1). As seen from Fig. 4B , the His electrogram alternans indicate that, during irregular AA intervals, some beats propagated via the FP (low His), while others utilized the SP (high His). Just like the randomness of the atrial beats, the FP and SP wave front occurred in a random order. This, in part, was reflected in the observation that long (as well as short) HH intervals could terminate with either FP or SP His electrograms. In other words, it was not possible to deduct which pathway was responsible for the conduction of a particular atrial beat by analysis of HH interval duration alone. Therefore, in general, the assumption that long HH are due to FP conduction and short HH intervals are due to SP conduction (32) may be incorrect. As it can be seen from Fig. 4B , the model estimation of the involvement of dual AVN pathways during AF was highly accurate in this experiment.
Similar percentage of FP and SP conductions during AF was found in four of the five cases, and only in one case did we observe almost exclusive SP conduction. Table 2 summarizes mean values of sensitivity and specificity of the mathematical model in the prediction of the AVN response for a series of 200 random AA interval series. In all cases, a specificity and sensitivity higher than 85% were obtained. Although SP conduction was more frequent (44%), the number of FP and blocked beats (i.e., 29 and 27%, respectively) was significant during AF.
Model Predictions After Modifications of Dual-pathway Electrophysiology
The AVN dual-pathway electrophysiology is the basic mechanism underlying the complexity of AV conduction and plays an important role in the genesis and maintenance of various arrhythmias (13, 20) . Since the Y-structure (see Fig. 2 ) of the atrial-ventricular connections could naturally sustain reentrant excitation, specific ablation procedures have been developed clinically to modify dual pathways by impairing one or the other in an attempt to interrupt the reentrant circuit.
Since the ablation procedure is destructive and irreversible, experiments in real hearts could employ either SP or FP modification, thus limiting an in-depth study of AVN properties. The model offers the unique opportunity to study the same AVN upon "ablation" of either pathway in any order and to elucidate the conduction pattern during complex arrhythmias induced by unlimited choice of pacing algorithms.
Selective AVN ablations and Wenckebach periodicity. Figure 5 depicts an example in which a 5:4 Wenckebach periodicity was first generated in the intact AVN model (A). By sequentially "ablating" in the model either the SP or the FP, the conduction patterns observed with only FP (Fig. 5B) or SP (C) could be delineated. Note that, in all cases, as should be expected during Wenckebach periodicity, there was a progressive increase of the conduction times AH in the cycle. However, the evolution of HH intervals was different. Within the Wenckebach cycle (i.e., before the blocked beat), there was Values are means Ϯ SD. N, number of beats. Fig. 4 . A: schematic depiction of atrial and His electrograms recorded during regular atrial pacing intervals that generated Wenckebach phenomenon in an intact AVN (data from rabbit 1). Note His-amplitude alternans indicative for the presence of FP and SP conduction. B: atrial and His electrograms during random atrial pacing in the same heart that generated irregular AV conduction times (and, therefore, irregular His distribution) with alternation between FP and SP conduction. In both panels, the predictions of the model for the same atrial pacing series are illustrated in the traces below the real His electrograms.
progressive prolongation of HH in the intact AVN and in the AVN with only SP (Fig. 5 , A and C, upward arrows), but decreasing HH were present with only FP (B, downward arrows). The latter behavior is known clinically as "typical Wenckebach", and the former is described as "atypical Wenckebach" (8) . While the specific mechanism(s) for such conduction peculiarity is not well understood, our model suggests that the involvement of AVN dual-pathway electrophysiology could be a likely explanation. In fact, the model predicts that even small changes in atrial rate can alter significantly the pattern of Wenckebach periodicity. Thus Fig. 6 (bottom, curved arrows) shows that, at an atrial coupling interval of 158 ms, the intact node can exhibit both a "typical" and "atypical" pattern of HH evolution.
We ran all five rabbit heart models through a wide range of atrial pacing rates, both in intact and ablated (FP or SP) modes, and were able to generate both "typical" and "atypical" Wenckebach in each case. Some summarized results are shown in Fig. 7 and demonstrate that, during Wenckebach periodicity, the properties of the intact AVN were mostly determined by the presence of the SP. Compared with only-FP conduction (columns "c"), both the intact node (columns "a") and only-SP conduction (columns "b") revealed Wenckebach periodicity at relatively shorter AA intervals that also occupied a wider range. The predominant role of the SP can also be derived from all traces in Figs. 4 -6 (intact AVN), whereas FP conduction was only observed in the first beat of the Wenckebach cycle with all subsequent beats utilizing the SP.
Selective AVN ablations and AF. In Fig. 8 , HH intervals resulting from random AA pacing (containing intervals from 75 to 125 ms) are depicted in one modeled heart. Table 3 summarizes the shortest, the average, and longest HH intervals in all five rabbit heart models using intact, only-SP, or only-FP models. Ablation of the FP (Fig. 8, middle) did not produce significant prolongation in the mean HH interval (a measure for slowing of ventricular rate). This finding agrees with both experimental (41) (42) (43) and clinical (11, 38) observations, indicating relatively low effectiveness of FP ablations as a therapy to control (i.e., to slow) ventricular rate in AF. In contrast, ablation of the SP (Fig. 8, right) produced a significant reduction in the number of short HH intervals, resulting in an increase of the minimum HH interval, as well as a prolongation of the average HH interval. The increase in the average HH The middle panels show the AH conduction times of consecutive beats in the Wenckebach cycle, whereas the bottom panels represent the HH interval evolution. Blocked atrial beats are marked by the symbol "Ќ" (top panels) and by dashed lines in the HH panels. Upward arrows indicate "atypical" Wenckebach pattern with progressively longer HH, whereas downward arrows indicate "typical" pattern with progressively shorter HH intervals in the Wenckebach cycle. See text for details. interval after SP ablation was highly correlated with the ratio between the number of SP and FP conducted beats in the intact heart (R ϭ 0.91, P Ͻ 0.05). Thus the model predicts that SP ablation, which is a common clinical procedure for control of ventricular rate (11, 38) , should be expected to be particularly effective in intact hearts that favor SP conduction during AF. The latter could be determined by applying the His-alternans index before performing the ablation procedure (as was done in Fig. 8, left) .
DISCUSSION
Major Findings
In this study, we have developed and presented a novel functional model of the AVN that includes the dual-pathway AVN physiology based on experimental data. The inclusion of FP and SP conduction properties not only provided an excellent fit to the experimental database, but also helped to elucidate complex and still poorly understood peculiarities of conduction through the AVN during arrhythmias.
The model has been applied to explain how the interaction between FP and SP propagation may be responsible for the development of Wenckebach rhythms (irregular periodic ventricular cycles) during regular AA. Specifically, we have found that Wenckebach periodicity develops in a specific range of atrial coupling intervals, and that consecutive atrial beats are conducted via either FP or SP. While Wenckebach periodicity could develop theoretically in a single-pathway model, it is the specific interaction between the two pathways in the intact heart that produces rich variability of Wenckebach patterns. These findings can help to explain some of the paradigmatic mechanisms underlying the AV conduction (7, 10, 25, 33) .
In addition, the presented model has allowed an easy modification of either FP or SP in the same heart, thus permitting evaluation of the effects of clinical ablations used as therapeutic tools for control of ventricular rate during AF. Unlike live models (such as the rabbit heart) in which only one specific destructive procedure could be performed, the mathematical model allows unrestricted "ablation" of the pathways in any order, as well as subsequent testing with a wide range of pacing protocols. Thus we have illustrated the effects of FP and SP ablations during irregular atrial rates (such as AF) and demonstrated that only ablation of the SP produced a significant slowing of ventricular rate.
Comparison with Previous AV Node Models
Several functional models have been presented in the literature to calculate the AVN conduction time of an AA as a function of preceding atrial coupling intervals AA and conduction times AH (3, 4, 14, 15, 22-24, 35, 37) . The model presented here can be considered an evolution of previous models. However, unlike previous models that treated the AVN as a single conduit, the new model includes properties of dual AVN physiology based on experimental data. Dualpathway electrophysiology was initially introduced to explain the AVN reentrant tachycardia (20) . It has been later established that dual pathways are a fundamental property that governs AV conduction, even in the absence of arrhythmias (27) . Nevertheless, an anatomical model in which anterograde propagation from atria through the AVN coexists with potential retrograde propagation through different pathway has become widely used in the clinic and was validated by the introduction of successful ablation procedures to cure AVN reentrant tachycardia by ablation of the SP, or to control ventricular rate during AF by modification of the pathways. Despite all of this, the precise mechanisms governing the interaction between wave fronts within the AVN remain insufficiently understood.
Our mathematical model offers new tools for deeper insight into the mechanisms of AVN conduction. The model is based on simple assumption that the bundle of His is activated always via the pathway that has shorter conduction time for a particular atrial beat. Conduction times are calculated based on the current atrial prematurity, as well as on the conduction of the immediately preceding beat. This information is obtained during routine clinical or experimental interrogation of AVN conduction by application of standard programmed pacing protocols.
Our model not only calculates conduction times for each of the pathways, but also permits determination of the dominant pathway for each atrial beat. The secondary pathway is considered blocked. The latter condition can develop according to two different mechanisms (see Fig. 2 ). First, due to excessive atrial prematurity, cellular components within the pathway have not recovered from previous excitation and remain in refractoriness. In this case, the wave front propagating via the secondary pathway reaches inexcitable barrier and stops. Second, a wave front may propagate successfully along the pathway, but slower than the wave front in the dominant pathway. The latter not only reaches the bundle of His, but, in addition, invades retrogradely the excitable secondary pathway and collides with the wave front there. The collision results in annihilation and block within the secondary pathway (40) .
Our model calculates the responses of each pathway based on its inherent conduction properties derived from the standard pacing protocols during initial testing and makes final decision about which pathway, SP or FP, would be dominant or secondary. We took advantage of recently discovered powerful marker of dual-pathway AVN conduction, the His alternans (16, 18, (41) (42) (43) . By monitoring the amplitude of the His electrogram spikes in a real physiological experiment, one can reliably determine the dominant pathway for each conducted beat. During the development phase, our model's constants were calculated to achieve a desired fit with the experimental database for each individual heart. During the testing phase, the model responded very similar to the real heart in conditions of complex and/or random interrogation protocols that resulted in arrhythmias such as Wenckebach periodicity and AF. Finally, the model was used to predict the outcomes of surgical AVN modifications involving ablation of either the SP or FP. The model described in this study can be used to better understand and predict the mechanisms governing alternative participation of FP and SP wave fronts in the filtering task of the AVN during various arrhythmias and could be used to assist in the selection of most optimal clinical ablation procedure for AVN modification in a given patient. For example, it has been suggested that ablation of the SP or partial damage of the compact AVN might be a useful treatment for ventricular rate control during AF (11, 38 ). Our mathematical model shows how the effectiveness of the SP ablation depends on the percentage of SP conductions observed during AF, since, according to the model, higher success should be expected in subjects with predominant SP conduction.
Our model is based on exponential mathematical equations based on empirical data obtained in real heart preparations. The simplicity of the present functional model does not reflect the complexity of the anatomical structure of the AVN, but allows a description of the input-output relationship of AVN conduction in a form that would permit quantitative applications, including in the clinic. Future efforts to combine a realistic three-dimensional structure of the AVN (17, 21) with ionic channel modeling of the different cellular types found in the AVN (19) and their connections are likely to further our understanding of AVN complexity.
Study Implications and Limitations
Several limitations of the presented model should not be underestimated.
First, the model presented here includes two pathways, in accordance with our experimental data. However, multiple pathway physiology may exist, as has been suggested in the literature (36) . More than two pathways could be easily introduced in the model by the construction of multiple conduction curves from experimental data.
Second, in this work, both in the experimental and in the modeling parts, atrial pacing protocols were designed to apply the same input stimuli to both pathways. Even though different authors have not found significant differences in the AVN response when stimulation was applied to either the crista terminalis or the interatrial septum (2, 28) , it may be more accurate to consider independent inputs to each pathway in the AF model.
Third, complex pathway interactions, like micro-reentry or electrotonic inhibitions, cannot be detected by available markers (such as His alternans) and were not included in the model. However, they may also play an important role in the AV conduction during irregular atrial rhythms and be responsible for some errors in model predictions. Higher resolution electrical or optical mapping recordings may be needed to include these features in the model. Fourth, the anatomy of each AV junction may present important differences from one preparation to another, especially in the anatomy, cell orientations, and interactions. Such variability may explain the differences found among parameters used in this functional model to accurately reproduce complex functional AVN responses and conduction times. Further studies of the anatomy of AVN junctions may help to elucidate the physiological meaning of the parameters used.
Fifth, the effect of the autonomic tone in the modulation of AVN conduction has not been considered in the model. Variations in the autonomic tone may affect many of the parameters of the model considered as constant values, (i.e., AH max or AH min ). Modeling the effect of the autonomic nervous system on the AV conduction may help in understanding the effect of vagal stimulation on the ventricular rate during atrial arrhythmias (26) .
In summary, we realize that our mathematical model is derived from the rabbit heart, has limitations, and should be applied carefully to the study of human AV conduction. Data from electrophysiological studies in humans are needed to improve and validate the model for clinical applications. However, the presented model can help in understanding some of the intriguing AVN mechanisms and should be considered as a step forward in the studies of AVN conduction. 
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